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Abstract 

We present formulae for the calculation of Dirac gaugino masses at leading order 
in the supersymmetry breaking scale using the methods of analytic continuation in 
superspace and demonstrate a link with kinetic mixing, even for non-abelian gauginos. 
We illustrate the result through examples in field and string theory. We discuss the 
possibility that the singlet superfield that gives the U (1) gaugino a Dirac mass may be 
a modulus, and some consequences of the D-term coupling to the scalar component. 
We give examples of possible effects in colliders and astroparticle experiments if the 
modulus scalar constitutes decaying dark matter. 

1 Introduction 

While non-observation of light charginos implies large gaugino masses, there are no 
indications of their nature. Only Majorana type gauginos are allowed in the Minimal 
Supersymmetric Standard Model (MSSM), and as a consequence they have drawn 
most of the attention in the literature. However, beyond any theoretical prejudice, 
both Dirac and Majorana type masses are permitted: they are both soft, and they 
both address the problem of electroweak-Planck scale hierarchy. Therefore, Dirac 
gaugino extensions are an alternative and some of their phenomenological features 
have been explored (see for example [TH20]). 

In section 2, we show how to extract Dirac gaugino masses in perturbative models 
using the methods of analytical continuation in superspace, following the work for 
the Majorana case in [21H23j . Treating bare couplings as spurion superfields, some 
quantities of phenomenological interest, such as the Majorana gaugino masses, have 
been shown to be easily extracted from one-loop renormalisation group equations, 
using regulators that preserve supersymmetry, threshold matching and analytic con- 
tinuation. This a very useful method as it allows to extract information that would 
otherwise require more involved computations of one and two-loop Feynman diagrams. 
We present its extension for the Dirac gaugino mass computation and provide explicit 
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compact formulae for both cases of (potentially but not necessarily /^-symmetric) F- 
term breaking and D-term breaking. 

Section 3 points out the peculiarities of U(l) cases. On one hand, for D-term 
breaking, the use of the method of analytical continuation requires the computation 
of the coupling of possible abelian kinetic mixing. On the other hand, the necessary 
additional adjoint representation (which we denote DG-adjoint) is just a singlet. 
Such fields are often considered as minimal in extensions for beyond the MSSM, 
and they are expected to be present in many models arising from string or higher 
dimensional theories. They can appear as light moduli corresponding for instance 
to some free deformations of the internal space geometry. We will point out some 
new model building opportunities, and phenomenological implications, allowed for 
these singlets (moduli) by new interactions, as a consequence of the presence of Dirac 
gaugino masses. 

Section 4 illustrates the explicit use of the method of analytical continuation in 
order to compute Dirac gaugino masses in an explicit string example. We retrieve the 
result of [7] in a simpler manner than the calculation of the full amplitude. 

For completeness, section 5 briefly reviews that the appearance of Dirac gaugino 
masses can be associated with gauge symmetry instead of supersymmetry breaking. 
In particular we demonstrate their form for a U (1) breaking with a Stiickelberg mech- 
anism. As conclusions, we summarize our results in section 6. 



2 Dirac Gaugino Masses at Leading Order 

In this section we will describe the use of analytic continuation in superspace to 
calculate Dirac gaugino masses at leading order in the supersymmetry breaking scale. 
We will show that there is a link with kinetic mixing, which we shall first briefly 
discuss; for early work on the subject see |24H27j . for some recent phenomenological 
applications see [2"5H3"T] , and for string theory discussion see . 



2.1 Kinetic Mixing in Supersymmetric Theories 

For holomorphic normalisation of the gauge kinetic terms, the Lagrangian density 
including a kinetic mixing term is given by 

cd I d2 °^h? waWa + <^ w ' aK " \ xhWaw '^ (2 - i} 

where W a ,W' a are the field strength superfields for the two U(l) gauge fields and 
9h-,g'hi Xh are holomorphic quantities that run only at one loop. The existence of states 
charged under the two U(l)s leads, at one loop, to the mixing term as discussed in 
|24H27| . The holomorphic kinetic mixing \h can be easily calculated. The propagators 
of the exchanged states involve the mass matrix elements M which can be read from 
the superpotential W, as M = Wij is the fermionic mass matrix (the mass matrix 
for the bosons is given by WikWkj)- We can write then 

Xh = -^otr(QQ'logM/fi), (2.2) 
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where Q, Q' are the charge operators for the two U{l)s. Interestingly for ti(QQ') = 
this is independent of \i. It is of course possible to diagonalise these gauge kinetic 
terms by themselves. This will lead to the appearance of new interaction terms, as 
explained for example in [32] . To then find the physical kinetic mixing parameter, 
that is, the parameter \ in the canonical Lagrangian density 

^canonical D f d 2 6^W a W a + ^W' a W' a - ^^X. (2-3) 

we can apply the techniques of [37] : we rescale the vector superfields from the holo- 
morphic basis (where the gauge kinetic terms are as above) to the canonical basis, 
V — > gV. In fact, the analysis used there follows through exactly for the kinetic 
mixing, with the result 



= Re(x h ) + ^ tr (QQ> log Z) . 



(2.4) 



where Z is the wavefunction renormalisation matrix of chiral superfields, and g,g' are 
now the physical gauge couplings given by 

g- 2 = Re[^ 2 ] - JLtr (q 2 log z\ (2.5) 

and similarly for g' . In supergravity theories, gauge coupling expressions are aug- 
mented by Kaplunovsky-Louis [38j[39] terms 

+ ^2 tr(Q (2-6) 

and a similar term for g' , where k 2 = 8ir/Mpi for Mpi the Planck mass, and K the 
total Kahler potential of the theories. It can be shown that the kinetic mixing term 
above is in turn augmented by 

' tr(QQ') K 2 K. (2.7) 



16vr 2 



2.1.1 Magnetic Mixing 

Note in addition that the holomorphic kinetic mixing parameter also contains in- 
formation about 0-angle mixing. Defining Im (^^j = an d similarly for 9' , we 



have 



dH ^K? W ° Wa + Wnf W ' aW ' a " \ XhWaWL + cx - 



ni a 

j —F F^ v A - F' F ,flu --^-F F ,fiu O "t 

+ 16tt 2 ^ + 16tt 2 V 8vr 2 W 



3 



where 9m is a "magnetic- mixing" angle [40,41]. We then find a "physical" magnetic 
mixing in analogy to the above; the resulting canonical Lagrangian density is 



•^-canonical — ) 



JL_J_ tr| Q M OgZ 



w a w n 



1 



f\2 



+ -,(9) 



1 



K) 2 
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Xh + --^tT [QQf log Z 



8vr 2 



+c.c. 



(2.9) 



where the physical couplings g,g' are given above in fj2.5[> : ()2.9p then has straight- 
forward modifications in the case of supergravity of adding the corresponding terms 
from (|2.6|) . (|2.7|) to the square brackets. Given that Z is a real function (and, for 
supergravity, so is K), we find 

55' 0M 



2a (n'\ 2 f)' 

r . n+— F F"" l yy ' F' F'^ 

■"-canonical —> i « „ n ± uv 1 - T . „ „ -t 



8?r 2 A 4 " ■ 



(2.10) 



16tt 2 ^ ' 16vr 2 

Since runs only at one loop, the same is true of 9, 9', 9m', in fact the latter is only 
generated at one loop and is given by 



9m 



-Im 



tr (QQ' log M/n 



(2.11) 



2.2 F- Terms 

There are two sources of Dirac gaugino masses at leading order in the super symmetry 
breaking parameter: F-terms or Z)-terms. The first applies only to U{\) gauginos; if 
the visible gaugino W a = A a +... kinetically mixes with a hidden gaugino W' a = X' a + ... 
with coupling 

CD— J d 2 9W a W' aX {S) (2.12) 

where x(S') is a holomorphic function of chiral superfields, including a (pseudo)modulus 
S. If S develops an F-term, this leads to a Dirac gaugino mass term 

CD-±(d sX (S))F s \ a \' a . (2.13) 

2.3 D-Terms 

For SU(N) gauginos, the only gaugino mass term that can be generated at leading 
order in the supersymmetry breaking parameter is via D-terms; L>-terms may of 
course also induce Dirac masses for U (1) gauginos. They occur via the operator 

J d 2 9jtv(W' a W a X), (2.14) 

where X = X + s/29 X + (99)F X + ... is a chiral field in the adjoint representation of 
the same gauge group as W a . Here, we have parametrised the D-term using a spurion 
W a , with the following two options: 
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1. (W' a ) = 6 a D' is from a U(l) gauge field (hidden or hypercharge) 

2. W' a = W a , and (W a ) = 9 a T A D A is a vev for the SU(N) field 
We shall consider both possibilities below. 

2.3.1 Using U(l) D-term 

Consider the first option {W' a ) = 9 a D' '. The expansion in components of (|2,14p 



- A e^{a^tFl u e^a^F pK e 5 (2.15) 



1 

V 



shows that supersymmetry relates the Dirac gaugino mass and the kinetic mixing; a 
vev for X generates a kinetic mixing operator. Indeed by expanding f)2. 1 1) we see that 
we generate the operator (|2.14p by 



^ = - l -d x ( X (X)) 



(2.16) 

X={X) 



where we differentiate with respect to the bosonic component and set it equal to its 
vacuum expectation value. Then we can derive the value of the corresponding Dirac 
gaugino mass as: 



m D = -~dxx(X)\x=(x) = -\^^d x tr(QQ'\ogM{X)/ix 



• (2-17) 

X=(X) 



For a non-abelian group we compute the mass for the U(l) generators in the Cartan 
subalgebra and deduce from gauge invariance the induced mass. We can write W a = 
W^T 1 , and the kinetic mixing term is 

-\J Sew^wUx 1 ) (2.18) 



where we should find 



xiX 1 ) = ^(Q'RiT^logMiX 1 )/^ (2.19) 

where RfT 1 ) denotes the representation of T 1 (i.e. fundamental or antifundamental); 
this appears as the "charge" of the new U(l), which couples via tr(&2gV ] R(T r )^), 
c.f. &2gQV3> for a U(l). This then yields an operator 

_ I J d^W^Wix'dxrxiX 1 ) =~J d 2 9 2W' a tx{W a X)d xlX {X I ) (2.20) 
where we normalise the generators to tr(TjTj) = and thus gaugino masses of 

(2.21) 



mo = -^^d^jQ'RiT^logM^X 1 )/^ 



x'=o 



Note here that the vacuum expectation value of X is zero since we are assuming that 
the gauge group is unbroken. We should take T 1 to lie in the Cartan subalgebra of the 
group, and thus for SU(N) a convenient representation is ±^diag(l, — 1, 0, 0, 0, 0) 
where the upper (lower) sign is for the (anti)fundamental representation. 

2.3.2 Using SU(N) D-term 

Considering the possibility that (W a ) = 9 a T A D A , we find Dirac gaugino masses via 

J <?e^{W«W a X) D -^^{{T\T B }T C ){\ B X C ) 

=> -^^A ABC {\ B X C ) (2.22) 

where A ABC is the anomaly coefficient; this is zero for SU (2), thus we cannot generate 
a mass for it this way at this order, but for SU(3) we have A ABC = \d ABC . Using 
the same technique as for the case of U(l) D-term, we can determine the coefficient 
to be 



(2.23) 

x'=o 



3 Visible moduli and phenomenological aspects 

This section contains a few comments on super symmetric extensions of the Standard 
Model where Dirac gaugino masses are relevant and could play an important role. 
We consider then that the model is an extension of the Minimal Supersymmetric 
Standard Model by adjoint representations, a singlet for U(l), a triplet for SU(2) 
and an octet for SU(3). The possible presence of other extra states (singlets, extra 
Higgs doublets, ...) is irrelevant for the present discussion, and the minimal content 
with the corresponding Lagrangian has been described in detail in [15) . Obviously, we 
look for situation where Dirac masses should not represent a negligible perturbation 
around possible Majorana ones. The relative sizes depend on the details of the super- 
symmetry breaking and mediation sectors. We can consider three possible outputs of 
the supersymmetry breaking where one needs to care about the Dirac contributions 
to gaugino masses. We consider, for simplicity, a single gaugino: 

• The first and most important case is when the Dirac masses are much bigger 
than the Majorana ones. Majorana masses can be vanishing (or negligibly small) 
if for instance the supersymmetry breaking preserves i?-symmetry (or breaks it 
very weakly). 

• The second case consists in one large and one vanishing Majorana masses. For 
instance, if the extra adjoint state, denoted DG-adjoint, has a Majorana mass 
M while the the gaugino one vanishes, the resulting lightest Majorana mass 
after diagonalisation is of order m 2 D /M CmuCM leading to a hierarchically 
lighter gaugino through a see-saw mechanism. 
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• The third case is when the two Majorana masses are degenerate with a common 
value M. After diagonalisation, the Dirac mass induces a splitting of order 2tbd 
between the two states which can be relevant. For example, if mp if small there 
could be important coannihilations between the two states in early universe, or 
they might lead to interesting signatures at colliders. 

Of course, one needs to extend the supersymmetric Standard Model field content 
by the DG-adjoints representations that couple to the gauginos. However, this is a 
very minimal extension for the the case of U(l) as the necessary adjoint is just a 
singlet superfield § = S + \f20xs + • • • > where S = -k=(SR + iSi) is a complex scalar 
fielcfl. Such singlets are introduced in many extensions of the Standard Model. In 
particular, we would like to discuss here the possibility that this can be identified 
with a generic modulus field. 

The Dirac gaugino mass term appears in the action as 

J d 4 xd 2 9 V2m%W a S (3.1) 

where Wj Q are the corresponding field strength superfields associated to J7(l)y, 
SU (2) and SU (3) for j = 1,2,3 respectively. We have introduced a spurion superfield: 

m aD = a m D . (3.2) 

The above spurion superfield can be written as = —^DDD a X, where X = V'/A 
is a vector superfield with a suppression scale A, typically of order of the Planck scale 
Mpi if S is a modulus^]. This leads to the operator 

d 4 xm D X a xsa + • •• (3.3) 



On the other hand, a non-vanishing F-term origin appears at second order in F, 
and is identified by writing X = 2S^I]/A 3 with £ = OOF, giving 

- J d 4 xd 2 0^§W a DDD a (^V) = - f d 4 x^X a X Sa + 

d 4 xm D X a xsa + (3.4) 



In order to identify the suppression scale A, let us calculate this amplitude for the 
case that the spurion S differs from the modulus S, and couples to messenger fields 
via a superpotential interaction of 

W D Yl IWijiS)^ + (3.5) 

i,3 



1 The singlet-gaugino coupling could be forbidden by some discrete symmetries, as for the singlet of the 
NMSSM, for example. 

2 Although we consider in our examples a suppression by Mpi, one could consider moduli parametrising 
flat directions with coupling to matter suppressed by smaller scales as the string of GUT scale, due to 
presence of an internal space compactification volume factor for example. 
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We need only compute a three-point interaction involving the auxiliary fields F%,Ft 
and either the auxiliary D or a gauge boson. Since we compute these in the super- 
symmetric limit (we are only interested in the leading order SUSY breaking term) we 
can work in a diagonal mass basis (i.e. Wij(S)W* k (S) = m 2 5ik) such that the gauge 

current is also diagonal; C D gDY2iQi4 > i ( l ) ii where q\ is the charge under the J7(l). 
Then the result is 

l^E?//^^ (3-6) 



where 



1 

2m? 



2 / 2 



2 



(3.7) 



For identical masses m 2 = M 2 the result then simplifies to 



1 

A3 



16vr 2 



d S 



2M 2 



(3. 



In order to be more explicit, as a toy example, let us consider a simple model with 
four messenger fields <pi,i = 1..4 having charges (— l) 1 under the U(l), a modulus S 
and superpotential 



W = M 

We then find that to order \F\ 2 
1 alFl 2 



a(S + S) 



^3^2 



1^2- 



(3.9) 



16vr 2 M 2 M Pi 



(1 



,a(S + S) 



A/ 



A a(S + S) 

4 + 4e M « + 2 



a(S + S) 



o "(5+S) 

(l + 3e M « ^ 2 



(3.10) 



Note that the above can be replaced by a renormalisable model by taking the linear ap- 
proximation of the exponentials and defining y = M/Mpi, giving \mr>\ = j^^ms~\- 
This model also generates positive mass-squareds for the scalars [1 H I13 | H3]. and we 
thus expect this to be true for the generalisation (|3.9|) : the moduli are therefore sta- 
bilised at a small value. 

Denoting the observable supersymmetry breaking scale as M so ft, to be of order of 
the TeV, and taking mr, ~ M so f t constraints the supersymmetry breaking vevs as 



< £>' >~ M soft A 



or F ~ K^M% 



which become for the modulus example cases: 

< D' >~ M soft M Pl or F ~ M 1 ' 2 M^Mp 1 ? 
with M the mass of messengers mediating the supersymmetry breaking. 



(3.11) 



(3.12) 



8 



One important implication of the Dirac gaugino masses is that its soft nature 
requires a new interaction between the singlet scalar and the original (before including 

Dirac gaugino mass) D-term of U(i). The scalar potential contains terms such 
as: 



where the sum in the second equation holds on all charged scalar fields, Yj being 
their charge and g the U(l) coupling constant. This shows that the real part of the 
singlet S has acquired new interactions of dimension one. In particular, we would 
like to consider the case of S being a modulus field and discuss some implications of 
the interactions presented. In the supersymmetric limit, a generic modulus S couples 
to matter only gravitationally, thus with non-renormalisable operators suppressed by 
Mpi, as assumed in the D and F-term supersymmetry breaking examples above. The 
new feature is that now the supersymmetry breaking has "automatically" generated 
an interaction that is no longer suppressed by Mpi, but is dimensionful and will lead 
to suppression by the ratio mo /Ms where M$ is the (real part) modulus mass. The 
ratio mo /Ms does not need to be small. We would like to illustrate the possible use 
in model building of (|3.13p with phenomenological implications, without going into 
explicit details which are beyond the scope of this work. For this purpose, we will 
consider two different cases. 

Bino - modulino mixing 

First, let us identify in (|3.ip W a with the standard hypercharge U(1)y- The corre- 
sponding gaugino, the bino, has a soft supersymmetry breaking Dirac mass through 
mixing with a modulino field. This is a particular case of situation discussed for 
example in [15], and all the analysis there applies here. 
There are two implications stressed in |15j : 

• The singlet Sr mixes with the neutral Higgs. It modifies the production and 
decays of the light and/or heavy Higgs and can be be produced associated with 



• The interaction (|3.13p implies that Sr can be produced at colliders and will de- 
cay to sparticles or standard model states depending on the region kinematically 
allowed by the spectrum. For example, consider that Sr mass is lighter than the 
sfermion ones. While the MSSM Higgs has couplings to matter states that are 
given by Yukawa couplings, the singlet field Sr couples directly only to scalars 
(squarks, sleptons and Higgses). These couplings are all proportional to the 
gauge couplings. As we consider the case where Sr is lighter than the squarks 
and sleptons, these cannot be the final states, but should appear as virtual inter- 
mediary states. Taking into account the available phase space and the strength 
of sfermion couplings to final states, the gluons represent, obviously, the most 
important final states channel. It can be emitted either by Higgs bosons, squarks 



D 




(3.13) 



j 



them. 
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or sleptons and will decay by producing vector bosons and pairs of leptons or 
quarks. The main decay channel is into two gluons through triangle diagrams 
involving intermediate squarks with masses M^. The decay width behaves as 

r ~ aa^f(M s ,M^) ~ *a*^f (3.14) 

where a s is the strong coupling and M~ is defined as an average squark mass 
splitting. For all masses around the electroweak scale, the lifetime is small and 
implies a decay inside the collider. It would be interesting to see if it possible 
to isolate the corresponding signals from the Standard Model background. 

Hidden U(l) - modulino mixing 

Let us consider instead a modulus Sr that couples only to give a Dirac mass to a 
hidden U(1)h gaugino. We suppose also that there are some pairs of heavy states $j 
with supersymmetric masses of order M$ which carry charges under both U(1)h and 
the Standard Model gauge group. The breaking of super symmetry, in addition to the 
generation of the Dirac gaugino mass mo and the modulus mass Ms, is assumed to 
induce a mass splitting AM| = M| + — M| _ between opposite charged states. We 

suppose J\AMl\ < M$. 

The interaction terms in (|3.13[) allow for instance the decay of Sr into two photons 
with a life time of order: 

23047T 2 Mg 
T ~ a em a H rn 2 D M^\AM^\ 2 ^ 

where a em and an are the electromagnetic and U(1)h coupling constants, respec- 
tively. 

A possible application of this is a scenario trying to identify the modulus Sr as 
a dark matter candidate. While usually moduli interactions are too weak - with 
annihilation cross section of order - to allow such a possibility, the supersym- 

metry breaking terms in (|3. 13|) lead to extremely enhanced annihilation cross sections 
roughly of order -^(j^)™ 1 where the power n depends on the precise interaction of 
the scalars in the Z)-terms of U(1)h- Depending on the thermal history of the hidden 
sector, it is then possible to engineer a model with S as dark matter component. For 



m d , Ms and w | AM| | of order TeV, with an ~ 10 2 , a choice of M$ in the range 

10 4 — 10 5 GeV leads to a life time of order 10 26 s, thus with decay products observable 
by present time experiments such as PAMELA and FERMI (see for example [42H45] ) . 
The states $j induce also a U(l) kinetic mixing of order 10~ 6 . Note that the value 
of the mass range M$ can be lowered to TeV scale by choosing the hidden sector to 
be extremely weakly coupled, an ~ 1CT 10 . 

4 Type II String Theory Application 

Above we established the link between kinetic mixing and Dirac gaugino masses. In 
this section we shall apply this to examine when we may obtain Dirac gaugino masses 
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at leading order from type II string theory; kinetic mixing has been discussed in string 
theory in |32H35| and its holomorphic nature in particular in |36j. 



4.1 F-Terms 

A very simple model for generating a Dirac gaugino mass through F-terms consists of 
two messenger fields <f>i,((>2 of charges (±l,=pl) under the visible and a hidden U(l) 
with a mass term 

W D Mfie'^i)^, (4.1) 
where S denotes some modulus. We then find kinetic mixing via (|2.2[) of 



1 , Mf(e m pi) i , 



and therefore Dirac gaugino masses via (|2.13|) of 

1 1 F s -jf-f 

mD = "2 4^Mp; e pt j 



S=(S) 



(4.3) 



It would be interesting to identify the modulus (or moduli) § in explicit string models. 
However, through analysis of the dimensional reduction of string effective actions we 
can determine which moduli can contribute and at what order (perturbative or non- 
perturbative) in perturbation theory. 

As discussed in [36 , 46] in type IIA string theory the holomorphic kinetic mixing 
is given by 

Xh.UA = Xn A (e~ Ta ,y) + xfFA(e~ zK ,e~ Ta ,y) (4.4) 

where y are open string moduli, T a are Kahler moduli and z K are complex structure 
moduli; P, NP denote perturbative (one loop only) and non-perturbative contributions 
respectively. In type IIB, the expression is 

Xh,IIB = xliB(z K ,y) + xWB(z K ,e- T -,y). (4.5) 

The exponential dependence upon certain moduli above is due to Peccei-Quinn shift 
symmetries. This dependence is the same as found in the superpotential; interestingly, 
one method that non-perturbative corrections in the kinetic mixing may be generated 

is through non-perturbative contributions to the superpotential, as can be seen in our 

s 

simple example above if we take /(e m pi ) to be of non-perturbative origin. 

From the above we conclude that if we give F-terms to only the complex structure 
moduli in type IIA string theory, or to the Kahler moduli in type IIB, Dirac gaugino 
masses at leading order through F-terms and gravity mediation can only be generated 
via non-perturbative effects. 



4.2 D-term Example 

We would now like to illustrate the application of the formulae of subsection (|2.3[) 
to the simple explicit string model treated in [7J. Consider an N = 2 supersym- 
metric model of intersecting D6 branes in type IIA string theory on a six-torus 
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T 6 = T 2 x T 2 x T 2 . To be fully consistent this should be an orientifold, to can- 
cel RR charges, with an additional orbifold to break the supersymmetry of the bulk 
to N = 1 from N = 4, but for our purposes we can consider just the local struc- 
ture of two stacks a, b of N a ,Ni, D6 branes parallel but separated by a distance I in 
the first torus, and intersecting at angles 02,03 in the second and third respectively. 
For the supersymmetric state 02+03 = 0, «2 7^ 0; we can break supersymmetry 
by deforming this to 02 + 03 = e. The masses for the lightest scalars are given by 
a'm 2 = e + Z 2 /47r 2 a', corresponding to a Fayet-Iliopoulos term for the £7(1) on the 
brane that is deformed from its supersymmetric cycle of £ = e/a' , which becomes a 
D-term due to the supersymmetric contribution to the mass. The deformation can be 
effected by deforming the complex structure moduli of the tori (the FI term is implic- 
itly a function of these) . Alternatively, we can give an F-term to the Kahler modulus 
of torus one; the Kahler modulus T = T\ + 1T2 has vev (T) = 1(^2) = iii^sina 
(Ri, i?2 are the radii and a is the angle between the radial cycles). 

The kinetic mixing between the C^(l)s supported on branes a and b can be explicitly 
computed by using (|2,2p and plugging in the string states mass formulae. It is given 

by [SaSZEB] 



a/ - -J_r 2 t 3 

Xab — ^ 2 a,b 1 a,l 



log 



1 / ilL 1T2 ' 
7l Uvr 2 a' ' a' ■ 



rim 



1 ' (4-6) 



87r 3 <y T 2 



2 3 

where I A are the number of intersections between the branes in tori two and three, 
and L is the length of the branes in that torus. For a rectangular torus one of common 
radii R\ = R2 = R, we can write T2 = R 2 ,L = 2irR. 

We can use the above expression to illustrate the field theory derivations in section 
[2j This can be either by giving a Dirac gaugino mass mixing two U(l)s supported one 
on each D-brane, or by mixing with the adjoint fields; each D-brane actually has three 
adjoints b where i denotes an excitation in the i th torus, but b are the states that 
can mix with the gaugino, since prior to supersymmetry breaking they preserve the 
same N = 2 supersymmetry as both branes (the branes individually preserve = 4 
supersymmetry, but mutually only preserve = 2 so the chiral states are only of the 
lesser amount). 

Firstly, for iV a = Nf, = 1 (so two U(l) gauge groups) and taking brane b to be the 
brane carrying a L>-term by being tilted (so that it is the gauginos of brane a that 
obtain a mass, with the adjoint ^ becoming X in our earlier formulae) the distance 
I is proportional to the difference in vevs of — = The exact equivalence 

is determined by examining the DBI action: 

S a = 2ir(4Tr 2 a')- 7/2 g- 1 ! d 7 x ^det g + 2WF 

J a 

= const + / (fx-^—txF^F^ + ... (4.7) 

~YM 



Ag- 



and identifying Im(<I>J) with A^, the component in the first torus of the gauge field. 
This gives a kinetic term for of 

% = / ^x-J-D^D^l (4.8) 
J 9ym 
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■^—tiDn&^D^&a for SU(N) adjoints). Now the mass splitting for states due to 

9ym 

a separation of I is given by 



(or 



m 



4 7 r 2 (a / ) 2 

and thus I = 2ixa' - We therefore find 



(4.9) 



K 

A 



1 



1 



2-Ka'dix 



2 4vr 2 2tt a ' fe a '' 



The singular behaviour of the above function as I 

2 4^2 O)0 a,o 



A 



1 1 r2 r3 2W 
:J„ fiJn >> — : r 



a ( U L %Ti ■ 
> is 

IJ_ j2 j3 

2 47T 2 ' & ' fe 



27rT 2 



(4.10) 



(4.11) 



and is a result of having integrated out all modes of mass greater than l/2na'; recall 
that = X. In fact this can also be understood from a field theory perspective: 
suppose that the mixing is mediated by I^b^ab P a hs of messenger fields Q,Q with 
superpotential XQQ. Then we find 

x = ~\ dxx = -\^A T ^ dx logx2 = -\h l1 * 11 ^ (412) 

in agreement with the above. The messengers Q, Q are to be identified with excitations 
of strings that are stretching between the two stacks of branes. 

Similarly for a stack of N a branes (keeping Nf, = 1), the relevant generator to 
break to U (1) x SU(N — 2) corresponds to displacing one brane by dX/Aira' and one 
by — dX/Aira' (in this case, prior to gaining a mass via the Stiickelberg mechanism, 
we actually have U(l) x U(l) x U(N — 2) and our choice will correspond to taking 
one linear combination of the two U(l) factors). Thus we have 



K 

A 



1 1 L 

'24^2 2^ 



t2 ji 

± a,b ± a,b 



i i UL 1T2 \ 1 j 



9 ( OfL iZk' 



2vrT 2 



- -I^IA^ (4-13) 



This reproduces the result of [7] which was obtained through the more tedious direct 
calculation of amplitudes with insertions of the necessary vertex operators. 



5 Supersymmetric Dirac Gaugino Masses 

While we have discussed Dirac gaugino masses induced by super symmetry break- 
ing, we would like to review for the simple example of U{\)s that such masses can 
be supersymmetric, coming with gauge symmetry breaking, for instance through a 
Stiickelberg mechanism (see [49J). 

It is possible for U(l) gauginos to acquire supersymmetric Dirac masses via oper- 
ators of the form 

CD f d 4 92m 2 VV'. (5.1) 
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In such cases we cannot use the Wess-Zumino gauge for the vector superfields; the 
gauge symmetry is broken. However, we can still split into "transverse" components 
in the Wess-Zumino gauge and "longitudinal" fields given by a chiral multiplet S; 



Then using notation 



^massive — V wz + t=(S + S). (5.2) 

my 2 



, a 2 /aw , 1 a2c 2 



V wz = Oa^OA^ + 9 {OX) + 9 (0\) + -0 D 

S = S + \/29ip + {99)F S + ... (5.3) 

we can write the mass terms as 

C D -m^A 1 ^ - m(ip'X + i>'\ + rp\' + ^A'). (5.4) 

Of course, the notation above was suggestive; super symmetric masses may be gener- 
ated by axions represented by a chiral superfield S. For example, in a theory with 
N a axions L l = -^(S 1 + S ) with generic Kahler potential Ky, and N\ U(l)s with 
coupling 



CD J (FOlMijUV 3 , (5.5) 
the Lagrangian density becomes 

CD f d^O^M^M^V^V^ (5.6) 

where now 

V{ m) = M^K jk L k + V 1 (5.7) 

is gauge invariant; under gauge transformations V i — > V 1 + A* + (A*)t, and S i — > 
S i - V2K^M jk A k . 

Using the above expression, we can read off the super symmetric masses generated 



as 



J d 4 0(K kl M ki M l:j )V( m) V^ m) D -±(K kl M hi M lj )A* i Ali> - + ?A j ). (5.8) 

However, note that the axionic fields are not in a canonical basis; if tp l = Ujip' J 
such that KkiU^Uj = 5ij (and thus UjjJ ] k = K^) then the Dirac mass terms read 
-M k3 Uf{^ n X + ^' i \ j ). 



6 Conclusions 

In this work we have discussed two aspects of models with Dirac gauginos. On one 
side, we have described how Dirac gaugino masses are related to U(l) kinetic mixing. 
In doing so, we have presented original formulae, equation (|2,4p and the following, 
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for the kinetic mixing in the supersymmetric case, parallel to what was done for the 
holomorphic gauge kinetic function [5H]. We discussed for the first time how this can 
used to derive the expression for Dirac gaugino masses using (j2. 16|) . for instance. In 
section 4, in a string D-brane example, we showed how this can make a computation 
simpler. 

On the other hand, we stressed that, to be soft, Dirac gaugino masses are to 
be associated with new interactions in the scalar sector (|3.13p . These might have 
important phenomenological consequences, and they have not been discussed in detail 
in the past. We illustrated this for the simple case of moduli fields and dark matter 
decays. 
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